. Further complications arise because there is a large spread in observed variations of CO 2 fluxes, due to both the use of different mapping procedures and gaps in the observational record 7 . This spread of variation from observational data is at least as large as the spread from the CMIP5 ensemble of models (Fig. 1) . Estimates of the internal variability of the ocean carbon sink therefore remain unconstrained, impeding the detection and attribution of changes in air-sea CO 2 fluxes.
McKinley and co-workers report a crucial step towards detecting changes in the ocean carbon sink -they have generated a large ensemble of simulations based on an ESM. The authors repeated their model runs 32 times over the same time interval, spanning the years 1920 to 2100. The model follows historical climate evolution until the end of 2005, and then a climate-change scenario (known as RCP8.5) that projects high levels of atmospheric CO 2 . Few modelling centres are able to perform so many runs because doing so is computationally expensive, but the value of using ensembles with a high number of simulations is increasingly being recognized.
External forcing factors such as the concentrations of atmospheric greenhouse gases and aerosols, volcanic eruptions and solar variability were identical across all simulations. The only difference between the ensemble members was their climate state at initialization: each simulation started with a different state generated by a small perturbation of the air temperature. As a result, individual ensemble members were not identical to each other, even though the model variables for each member followed the same general trajectory.
The authors considered two outcomes from the simulations: the forced trend, which is the average trend in model variables across all ensemble members produced under specified external forcing, and the internal trend, which is the difference between each member's trend and the forced trend, caused by the model's internal variability. They observed that the forced trends in ocean carbon uptake are indistinguishable from internal model variability in vast ocean regions between 1990 and 1999. When the period between 1990 and 2019 is considered, the forced trends become statistically significant in many more areas than during 1990 to 1999, and emerge almost every where in the ocean. This suggests that the predicted increase in oceanic carbon uptake is attributable to anthropogenic forcing. These trends intensify as atmospheric CO 2 levels increase, and so become detectable oceanwide when the period from 1990 to 2089 is considered.
The researchers confirm that the spatial pattern in which trends emerge seems to be closely linked to the internal variability of the climate system. For instance, the largest internal variations are in the equatorial Pacific Ocean, a region known to be affected by ENSO. In regions such as this that exhibit strong seasonal and interannual variability, it is difficult to detect anthropogenic changes in CO 2 uptake. By contrast, anthropogenic trends emerge early in the subpolar North Atlantic and equator ial Atlantic oceans and in some regions of the Southern Ocean. A similar pattern has been reported 8 for several ocean biogeochemical parameters modelled in the CMIP5 ensemble.
McKinley and colleagues conclude that forced trends should be detectable in observations once they have emerged and become statistically significant. However, although internal model variability can give an indication of the chaotic behaviour of some natural processes, it is not equivalent to Earth's natural climate variability. Furthermore, predictions of the time of emergence are model-dependent 8, 9 , and may change if a different model or ensemble size is considered (Fig. 1) .
Nevertheless, the current study makes a valuable contribution to the quantification of internal variability in the rates of change of the ocean carbon sink. Changes driven by human activities are undoubtedly there, but may be concealed by natural variations in many ocean regions because of the slow timescales on which ocean processes occur. Future work based on coordinated observational frameworks and large ensemble simulations using ESMs should enable the natural variability reported in this study to be verified. 
Home of a fast radio burst
Our understanding of fast radio bursts -intense pulses of radio waves -and their use as cosmic probes promises to be transformed now that one burst has been associated with a galaxy of known distance from Earth. See Letter p.453
ast radio bursts (FRBs) are bright pulses of radio waves that last only milliseconds and originate from random locations on the sky. Although the physical processes that cause these pulses are unknown, FRBs hold great promise as probes of the cosmic web, a major constituent of the large-scale structure of the Universe. On page 453 of this issue, Keane et al. 1 report the discovery of a fading radio source associated with an FRB (FRB 150418) that was found on 18 April 2015. From observations with various telescopes, they show that FRB 150418 and its fading counterpart come from an elliptical galaxy some 1.9 billion parsecs (6 billion light years) away. Just as happened with γ-ray bursts almost 20 years ago, knowing both the location of origin and the distance of that location from Earth will help to reveal the physical nature of the event that caused the FRB.
A group that I led discovered 2 the first FRB while searching archival data taken with the 64-metre Parkes radio telescope in New South Wales, Australia. That burst, now known as FRB 010724, showed a clear dependence of pulse arrival time on frequency, with the highest-frequency signals travelling fastest through the ionized interstellar medium and arriving earlier than their lower-frequency counterparts. This well-known dispersion effect has allowed astronomers to map out the ionized material in the interstellar medium, and has helped us to understand the distribution of matter in the Milky Way 3 . For FRB 010724, however, the amount of dispersion observed is roughly ten times greater than that produced by the Milky Way, indicating that it is probably of extragalactic origin. Using models of intergalactic dispersion, we speculated 2 that FRB 010724 originated around 0.5 billion parsecs away, and was the first of a new population of sources that could act as cosmological probes.
On the basis of the amount of sky coverage and time spent by various radio telescopes scanning the sky, thousands of FRBs could be visible each day 4 . However, the limited fields of view of most radio telescopes mean that the pace of subsequent discoveries has been less rapid than expected. Currently, 17 FRBs are known 5 , including FRB 150418, but none of the distances travelled by them has been directly measured. The energy budget of FRBs is therefore not well known, and there are currently more ideas about the nature of FRB sources than there are FRBs themselves. Among the possible theories 6 are that they are collapsing neutron stars, evapor ating black holes or even non-stellar phenomena such as cosmic strings.
Unlike the FRB discoveries made in archival data, FRB 150418 was detected seconds after it reached the telescope. Keane et al. could therefore carry out follow-up observations of the burst's location on the sky using telescopes spanning the electromagnetic spectrum. Although almost all of these later observations yielded null results, one source was found in multiple images obtained at frequencies of 5.5 and 7.5 gigahertz using the Australia Telescope Compact Array. This transient radio source faded over six days to a level consistent with radio emission from a distant galaxy.
The authors' statistical analysis shows that there is only a tiny probability (less than 0.2%) that this source is unrelated to FRB 150418. Observations with the Subaru telescope on Mauna Kea, Hawaii, revealed an elliptical galaxy with a spectrum of optical light that originated predominantly from very old stars in the Galaxy. By analysing the redshift of these lines (the increase in wavelength due to the expansion of the Universe), the authors conclude that the distance to the galaxy and the source of FRB 150418 is 1.8 billion parsecs (Fig. 1) .
Knowing the source location of an FRB and its distance from Earth provides new constraints on the FRB's emission process. Keane et al. find that the total energy released by the FRB is 8 × 10 31 joules. This is comparable to the energy released by the Sun in two days, despite the much shorter duration of FRB 150418. The measured pulse width of 0.8 ms is only an upper bound on the intrinsic pulse duration, because the pulse broadens as it travels the long distance through different amounts of ionized material along the line of sight. As a result, the luminosity of the FRB is at least 10 35 watts, or about one billion times that of the Sun.
These properties, together with the fading counterpart source and the FRB's location in an elliptical galaxy, strongly suggest models of the nature of the source population that involve old stellar populations found in elliptical galaxies, rather than much younger spiral galaxies such as the Milky Way. Keane et al. argue that FRB 150418 originated from the merger of two compact stars. I speculate that it represents the electromagnetic emission released when a binary neutron-star system coalesces 7 . Such a system would emit a large fraction of its energy in the form of gravitational waves, which are produced by accelerating bodies, according to Einstein's general theory of relativity.
Because gravitational waves result from the motion of objects, they carry information that is complementary to that conveyed by electromagnetic waves (light). The search for gravitational waves is a major goal of the Laser Interferometer Gravitational-Wave Observatory 8 (LIGO), which has just announced 9 the first detection of waves produced by the inspiralling and merger of two black holes. Although the source of FRB 150418 is too distant to be detectable by LIGO, closer FRB sources might be discovered in the future that could emit detectable gravitational-wave signals.
Perhaps the most important of Keane and co-workers' results is their demonstration that FRB 150418 can be used as a cosmological probe. The measurement of the pulse's dispersion (the frequency-dependent delay of the incoming radio waves) and the source's redshift provide an exact count of the number of free electrons along the line of sight stretching back in cosmic time to the source of FRB 150418. The authors show that the density of ionized material solves the 'missing baryon' problem 10 -the fact that the amount of baryonic (non-dark) matter in galaxies is well below that required to explain star formation rates, even after accounting for dark matter and dark energy. The measurement provided by FRB 150418 shows, for the first time, that the baryonic density is entirely consistent with the predictions from standard cosmological models.
There are good reasons to think that our understanding of FRBs will increase dramatically in the near future. New telescopes, including the Canadian Hydrogen Intensity Mapping Experiment and the Fivehundred-meter Aperture Spherical Telescope in China, should discover many FRBs. It is reasonable to expect many hundreds of observed FRBs by the end of the decade. A large census of FRBs will not only add to our understanding of their population, but also map out the cosmic web in great detail 11 , provide stringent tests of general relativity 12 and even yield new constraints on the nature of dark energy 13 . ■ Figure 1 | Redshift of a fast radio burst (FRB) . Light increases in wavelength (redshifts) as it travels across long distances. a, Here, light leaves a galaxy with an emitted wavelength λ em . The distance between Earth and the galaxy at this time is d em . b, When the signal subsequently reaches Earth, the expansion of the Universe will have caused the wavelength to redshift by a factor d obs /d em , where d obs is the current distance to the galaxy; the new wavelength is λ obs . From a measurement of λ obs of the host galaxy for FRB 150418 (a bright pulse of radio waves that lasted only milliseconds), Keane et al. 1 determine its redshift and conclude that it was emitted when the Universe was about two-thirds of its current size (6 billion years ago).
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